Abstract-This paper describes a novel power injection model (PIM) of interline power flow controller (IPFC) for power flow analysis. In this model, the impedance of the series coupling transformer and the line charging susceptance are all included. In this situation, it is proved that the original structure and symmetry of the admittance matrix can still be kept, and thus, the Jacobian matrix can keep the block-diagonal properties, and sparsity technique can be applied. The IPFC state variables are adjusted simultaneously with the network state variables in order to achieve the specified control targets. Furthermore, the model can take into account the practical constraints of IPFC in Newton power flow. Numerical results based on the IEEE 57-bus and IEEE 300-bus systems are used to demonstrate the effectiveness and performance of the IPFC model. 
I. INTRODUCTION
T HE LAST generation FACTS controllers using the selfcommutated voltage sourced converter (VSC) usually include the static synchronous compensator (STATCOM), static synchronous series compensator (SSSC), unified power flow controller (UPFC), and interline power flow controller (IPFC) [1] - [7] . The STATCOM is usually employed as shunt reactive compensator and SSSC as series active or reactive compensator. The UPFC concept provides a powerful tool for the cost-effective utilization of individual transmission lines by facilitating the independent control of both active and reactive power flow, and thus the maximization of real power transfer at minimum losses, in the line. However, the UPFC and SSSC can control power flow of only one transmission line. Compared with the UPFC and SSSC, the IPFC has much more flexible topologies, consists of at least two converters, and can be used to control power flows of a group of lines. It can be anticipated that the IPFC may be used to solve the complex transmission network congestion management problems that transmission companies are now facing in the transmission open-access environment. This is the case of the convertible static compensator (CSC) installed at the Marcy Substation of the New York Power Authority (NYPA) as party of project that will increase power transfer capability and maximize the use of the existing transmission network [8] , [9] . Power flow calculations are performed frequently in power system operation, planning, and control. With the practical applications of the VSC-based FACTS in power systems, computer modeling of these is also of great concern. So far, much effort has been paid in the modeling of the UPFC for power flow and optimal power flow [10] - [17] , while few publications [18] , [19] can be found in the modeling of the IPFC, especially inclusive of the practical constraints. This motivates the author to develop a new model for IPFC in power flow analysis.
Researchers have made progress on the VSC-based FACTS devices modeling aspects. The existing steady-state models can mainly be classified into two categories: One is a decoupled model [10] , [11] , and the other is a coupled model. In a decoupled model, the FACTS devices are usually replaced with a fictitious PQ or PV bus, which results in the modification of Jacobian matrix structure. A coupled model generally consists of two major models: voltage source model (VSM) [12] , [13] , [18] - [20] and power injection model (PIM) [14] - [17] . In VSM, the converters are formulated as voltage injections, where the control parameters are directly treated as state variables. The VSM has a good convergence property, and the converter variables from power flow can be used to directly initialize dynamic simulation programs. However, it destroys the symmetric characteristics of the admittance matrix [16] . Derived from the VSM, the PIM with the conversion of inserted voltage source to power injections to the related buses is allowed to keep the symmetry of the admittance matrix. In the PIM of [14] and [15] , the control parameters of converters are also treated as state variables. Reference [16] presents another type of PIM, in which the active and reactive power injections are directly considered as independent state variables. However, the control parameters can only be calculated after the solution of the power flow equation, and this method may have poor convergence property [19] . It must be pointed out that two PIMs above do not consider the line charging susceptance. In addition, how to handle the practical constraints of FACTS devices is an important problem [21] , [22] . It was not reported in the publications how the constraints of IPFC are handled in their power flow programs. This paper describes a novel power injection model of IPFC for power flow analysis. In this model, the impedance of the series converter transformer and the line charging susceptance are all included. In this situation, it is proved that the original structure and symmetry of the admittance matrix can still be kept, and thus, the Jacobian matrix can keep the block-diagonal properties, and sparsity technique can be applied. The IPFC state variables are adjusted simultaneously with the network state variables in order to achieve the specified control targets Furthermore, the model can take into account the practical constraints of IPFC, and the detailed implementation of these in Newton power flow is presented. 
II. POWER INJECTION MODEL OF IPFC

A. Operation Principles of IPFC
In its general form, the IPFC employs a number of dc to ac converters, each providing series compensation for a different line. The converters are linked together at their dc terminals and connected to the ac systems through their series coupling transformers [7] . With this scheme, in addition to providing series reactive compensation, any converter can be controlled to supply active power to the common dc link from its own transmission line. For an IPFC with series converters, the control degree of freedom of series converters is two, except that one series converter has one control degree of freedom since the active power exchange among the series converters should be balanced at any time [18] . For the sake of simplicity, the IPFC with two series converters shown in Fig. 1 is used to show the basic operation principles. The mathematical derivation is applicable to an IPFC with any number of series converters. Fig. 2 shows the equivalent circuit of an IPFC with two series converters. In this circuit, is the complex controllable series injected voltage. is the series transformer impedance. and are, respectively, the complex bus voltages at buses and . and represent the line series impedance and line charging susceptance, respectively, while is the line number . From Fig. 2 , for one of the lines, the relations can be derived as follows:
B. Equivalent Circuit and Power Injections of IPFC
We can express and according to and as From (1)- (4), we can express and in terms of , , and as
where Equations (5) and (6) can also be written in matrix form as (7) where We can prove that the matrix is symmetrical, i.e.,
The symmetry of matrix is very important, which can make and be divided into two parts as (9) Equation (7) can also be expressed by the equivalent circuit shown in Fig. 3 .
From Fig. 3 , the active and reactive power injections at buses and associated with two current sources can be easily calculated as follows (for the sake of simplicity, the resistances (13) where . The equivalent power injection model of an IPFC is shown in Fig. 4 . It can be concluded that the admittance matrix still keeps the same structure and symmetry as that of the case without IPFC.
The currents from buses and can be, respectively, expressed as (14) (15) The active and reactive powers from buses and can be, respectively, expressed as (16) (17) (18) (19) As IPFC neither absorbs nor injects active power with respect to the ac system, the active power exchange between or among the converters via the dc link is zero, i.e., (20) where (21) where .
C. Power Flow Controls of IPFC
The IPFC shown in Fig. 1 can control active and reactive power flows of the master line and active or reactive power flow of the slave line . It is arbitrary to choose a line as the master or slave one according to the actual demand. For the slave line, it is assumed that the active power control is used while the reactive power flow control is released. Alternatively, the reactive power control can be used while the active power flow needs to be released. In principle, either scheme can be implemented in the Newton power flow.
The active and reactive power flow control constraints of two lines at the receiving buses are (22) (23) where and are, respectively, the specified active and reactive power flow setpoints of the lines . Though the paper only deals with the power flow control mode of IPFC, other modes such as the fixed voltage injection mode, etc. [7] also can be easily achieved in this framework. In the fixed voltage injection mode, the converter simply generates a fixed series voltage magnitude and phase angle. For the master line, the series voltage magnitude and angle are specified. For the slave line, either the series voltage magnitude or angle is specified. For example, when the series voltage magnitude is specified, the series voltage angle will be adjusted during power flow solutions to meet the active power exchange determined by the master converter.
Equations (22) and (23) can be generally written as (24) where .
D. IPFC Operating Constraints
The practical feasibility of steady-state and transient-state operating conditions of IPFC may be constrained by the ratings of the converter and by some operating limits. Three main constraints can be considered [20] - [22] : 1)
: maximum series injected current; 2)
: maximum series injected voltage; 3)
: maximum active power exchange on the dc link. The maximum series injected voltage is the voltage rating of the series converter. The maximum series current is the current rating of the series converter at which level it can operate continuously. The maximum active power exchange via the dc link is strictly an equipment rating [17] . These practical limits imposed on IPFC together with the power system conditions define an achievable range of operating points. All these limits should be enforced in power flow calculations. where and are, respectively, the active and reactive power flows leaving bus . These are the sum of the active and reactive power flows, including those given by (16)- (19) , respectively. While and are, respectively, the active and reactive power entering bus , and and are, respectively, the active and reactive load leaving bus .
Equations (25) Because the IPFC model can keep the original structure and symmetry of the admittance matrix, the Jacobian matrix block associated with and the nodal network state variables has the same structure as that of the system Jacobian matrix of conventional power flow. In addition, the IPFC variables are adjusted simultaneously with the network variables in order to achieve the specified control targets. All these will lead to robust and efficient iterative solutions.
B. Enforcement of the Operation Constraints 1) Principle of the Constraint Enforcement:
Finding all possible operating points of the system while respecting the operation constraints of IPFC is very difficult, especially the condition (20) introduces nonlinearity to the IPFC model and adds significant complexity to the problem. From this point of view, this paper only aims at the two-converter IPFC shown in Fig. 1 , and the method described as follows provides only an alternative in handling the operation constraints of IPFC for power flow calculations.
2) Method of the Constraints Enforcement: Among the limit violations of IPFC, the series current limit violation is first eliminated, by which the new power flow setpoint can be established. For the master line, the specified reactive power flow is first reduced to zero. If reducing it to zero can eliminate the series current limit violation, the reactive power flow control is released; otherwise, the specified reactive power flow is maintained at zero, and the active power flow control is released. For the salve line, only the active or reactive power flow control is released. Meanwhile, the series current is kept at its limit as (31) This method emphasizes the importance of the active power transfer and control. After the series current limit violation is eliminated, the limits on the series voltage and active power exchange may prevent IPFC from controlling power flow at the established setpoint subject to the series current limit. The two limits may result in three possible states as follows.
State 1: is violated, while is a dependent variable. For the master line, if possible, the active power flow is maintained at the established value and reactive power flow control is released; otherwise, the reactive power flow is maintained at the established value, and active power flow control is released. For the salve line, only the active or reactive power flow control is released. Meanwhile, is kept at its limit as
is violated, while is a dependent variable. In this case, for the master line, reactive power flow control is first released, and active power flow is maintained at its established value; for the salve line, only the active or reactive power flow control is released. Meanwhile, is kept at its limit as 
3) Starting Criterion of the Constraints Enforcement:
The starting criterion for checking the constraints of IPFC is the use of the active power exchange mismatch equation (20) [13] . At each iteration, this power mismatch equation provides an accurate indicator of the convergence process by which the activation of the constraints enforcement can be started. The enforcement is activated just after (20) is within a specified tolerance, such as . If during two continuous iteration step, a particular constraint is continuously violated, the constraint is enforced while the original control objective is released.
It can be seen that the formulation of the Newton power flow with the constraints enforcement has exactly the same structure as that of the Newton power flow without it. This property makes the algorithm easy and efficient.
IV. CASE STUDIES AND RESULTS
In this section, based on the IEEE 57-bus and IEEE 300-bus systems [23], numerical results are carried out to show the effectiveness and performance of the IPFC model. For all the cases, the convergence tolerance is . The limits of IPFC are set to , , and p.u . System base MVA is 100. The initial values of the voltage magnitude and angle of an IPFC may be set to and 0.2 p.u. It must be pointed out that, although the IPFC has two different sending buses shown in Fig. 1 , the sending buses are the same bus in most cases.
A. Power Flow Convergence
Five cases are used to verify the convergence property of the IPFC model. We mainly focus on the impact of the small series transformer reactance and the line power setpoint. Tables I-IV.   TABLE I  IEEE 57-BUS SYSTEM IPFC POWER FLOW CONVERGENCE FOR CASE 1   TABLE II  IEEE 300-BUS SYSTEM IPFC POWER FLOW CONVERGENCE FOR CASE 2   TABLE III  IEEE 57-BUS SYSTEM IPFC POWER FLOW CONVERGENCE FOR CASE 3   TABLE IV  IEEE 300-BUS SYSTEM IPFC POWER FLOW CONVERGENCE FOR CASE 4 From Tables I and II, it can be seen that the number of iterations is not sensitive to the size of the series transformer reactance, especially when the line reactance is larger. The reason may be that IPFC is embedded in the lines. From Tables III and  IV , it is clear that the line power flow setpoints have a little effect on the convergence.
The IPFC model is implemented within the Visual C++ 6.0 environment, and the computation is performed on a computer with 1.4-GHz CPU and 256-MB random-access memory (RAM). For the IEEE 57-bus system, the computation time is less than 0.5 s for converged cases 1 and 3. For the IEEE 300-bus system, the computation time is less than 2 s for converged cases 2 and 4 and less than 4 s for case 5. The computation time may be affected by the programming skills.
B. IPFC Power Flow Control With and Without the Constraints Enforcement
Based on the IEEE 300-bus system, two cases are used to exhibit the power flow control capability of IPFC without the constraints enforcement.
Case 6) An IPFC on the lines 130-167(168) is operating with the setpoint MW, Table IX .
From Tables V-VIII, IPFC has the capability to balance both active and reactive power flow between the lines because of the common dc link, transfer active power from overloaded to underloaded line, compensate against reactive voltage drops and the corresponding line reactive power, and thereby optimize the utilization of the over transmission system. It can be seen that when one or more of the constraints of IPFC are violated, the model ignores the original control objective and modifies power flow control toward the satisfactory control parameters within Table IX , the constraints enforcement requires more iterations for converged solutions. Generally, one or two iterations are added when a limit is violated. Especially for the master line, if reducing the specified reactive power flow to zero cannot eliminate the series current limit violation, more iterations may be required.
V. CONCLUSION A novel power injection model of IPFC suitable for power flow is presented. In this model, the impedance of the series converter coupling transformer and the line charging susceptance are all included, while the original structure and symmetry of admittance matrix can still be kept. Furthermore, the model can take into account the practical constraints of IPFC. Numerical results based on the IEEE 57-bus and IEEE 300-bus systems have shown the convergence and efficiency of the IPFC model. The power flow control capability and the constraints enforcement of IPFC are also exhibited.
Newton power flow program with this IPFC model is a useful tool for power system planning and operation control of large scale power system. The multiline control capability of the IPFC will be likely to play an important role in solving many of the potential problems such as transmission network congestion management that transmission companies are now facing in the deregulated electricity market environment.
